Introduction
The presence of a predominantly dipalmitoylphosphatidylcholine (DPPC) surfactant monolayer at the air-water interface within alveoli significantly reduces resistance to lung inflation from the effects of surface tension. A number of articles have reviewed the function and composition of pulmonary surfactant and the structure of lung surfactant proteins [ 1-31. The monolayer is derived from surfactant material in which four proteins, labelled SP-A, SP-B, SP-C and SP-D
[4], constitute about 10% of the mass. The rest of the surfactant material is predominantly cholesterol and phospholipid. Up to 15 mol% of surfactant lipid is cholesterol. Of the phospholipid portion, 10-1596 is in the form of negatively charged phospholipids, mostly phosphatidylglycerol and phosphatidylinositol. The most abundant constituent, DPPC, accounts for 40-45% of the total surfactant mass.
Surfactant material, in the form of lamellar bodies, is secreted into the aqueous layer by type-I1 pneumocytes in the alveolar wall. Maintenance of surfactant function requires the rapid spreading of material into the monolayer when lung volume is high and, presumably, refinement of the monolayer to its DPPC-enriched state as lung volume decreases. Transformation from lamellar body to monolayer appears to proceed via a looser arrangement of bilayers packed in an unusual form known as tubular myelin. Material excluded from the monolayer during compression must be recycled or removed. The charged lipids, hydrophobic proteins and Ca2+ in the aqueous phase appear to contribute to the rapid spreading of the monolayer from its precursor material [5-81.
SP-B is a very hydrophobic 79-residue polypeptide which forms disulphide-linked homodimers. Its folding is determined by three intrachain disulphide bridges. SP-B contains amphiphathic a-helical regions and fi-sheet regions [9] . SP-C, also very hydrophobic, consists of 33-35 residues and appears to be primarily a-helical [ 10,111. It is palmitoylated at two viscinal residues (one in dog) near the N-terminus. Both proteins enhance the rate at which DPPC spreads into a monolayer, although SP-B appears to be more effective than SP-C in this regard [5, 8] . Surfactant composition also influences the response of the monolayer to compression and its stability at high lateral pressure [12-151. In particular, SP-C may play a role in the removal of material from the monolayer during lung compression [ 141.
It is still not clear, in detail, how the hydrophobic proteins SP-B and SP-C participate in the transformation of lamellar body material into an effective surfactant monolayer. Reorganization of the surfactant material on this scale is a very interesting manifestation of lipid-protein interaction. Studies aimed at probing the interaction through the effect of the surfactant proteins on bilayer properties have been carried out using a variety of techniques including Raman and IR spectroscopy [ 16- 181, fluorescence studies [19] [20] [21] [22] , differential scanning calorimetry (DSC) [23] and ESR [8, 24] . This paper describes H-NMR studies carried out with the intention of gaining insight into the nature of this interaction through the way in which SP-B and SP-C perturb bilayer properties such as phase behaviour, acyl chain orientational order, head-group conformation, and dynamics in multilamellar vesicles.
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2H-NMR studies of phospholipid/ surfactant-protein interaction
In liquid-crystal-phase multilamellar vesicles, the H-NMR spectrum of a chain deuteron is an axially symmetric Pake doublet split by an amount that depends on the extent to which the interaction between the nuclear quadrupole moment and the electric field gradient of the 2
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bond is averaged by reorientation. The orientational order parameter, S,,, for an individual deuteron is given by [25] :
where Ocu is the angle between the C D bond and the bilayer normal and the average is over conformations sampled by the molecule as it reorients. For a chain-perdeuterated lipid, the weighted mean splitting, or first spectral moment (MI), is proportional to the mean orientational order parameter for the chain. MI increases discontinuously at the liquid crystal to gel transition of a single component phospholipid bilayer and can thus be used to characterize bilayer phase behaviour as well as the perturbation of chain order by protein within the gel or liquid-crystalline phase. Because of the width of the lipid bilayer deuteron spectrum, a quadrupole echo sequence is used [26] . The characteristic time for the decay of the quadrupole echo with increasing pulse separation is the transverse relaxation time, TT. This decay is sensitive to motions that reorient the chain segment or the whole molecule on time scales comparable with the inverse of the spectral width (of the order of lop5 s). Such motions might include slow conformational changes in the molecule, collective motions of the bilayer as a whole and diffusion of the molecule along a curved bilayer surface [27] . Such slow motions appear to be particularly sensitive to the association of protein with the bilayer [28] . Unfortunately, transverse relaxation results can also be sensitive to sample preparation through parameters such as vesicle size. It is thus necessary to prepare samples using a consistent protocol and interpret results, particularly in the liquid-crystalline phase, with considerable caution.
'H-NMR has been used to study the effect of membrane-spanning polypeptides on phase behaviour and chain orientational order in bilayers containing selectively labelled and perdeuterated phospholipids. In particular, Huschilt et al. [29] have studied the bilayer response to a synthetic polypeptide designed to mimic the bilayer-spanning portion of a transmembrane protein. It was found to have little effect on mean chain orientational order in the liquid-crystalline phase and some chain-disordering effect in the gel phase. The synthetic polypeptide induced a small region of two-phase co-existence near the main transition in the phase diagram.
The solid-state 'H-NMR work described below is part of a programme in which the effects of SP-B and SP-C on labelled phospholipids in single-component and mixed-lipidbilayer systems are being systematically examined using a variety of techniques. Lung surfactant is a particularly interesting subject for study by NMR because it may be a system in which protein promotes large-scale reorganization of bilayer structure. It was expected that this might provide an interesting contrast to the situation with many intrinsic membrane proteins, in which the mechanical properties of the protein appear to be well matched to those of the bilayer with little resulting perturbation [30] . One technical difficulty, arising from the limited quantities of protein available, has been the need to use relatively small sample sizes in order to obtain useful protein concentrations. In particular, this has required long signal averaging times which has, in turn, placed a practical restriction on the number and complexity of experiments that can be carried out.
S P-C in phospholipid bi layers
Our 'H-NMR studies of SP-C in bilayers of chain-perdeuterated DMPC (DMPC-dS4) indicate that the effect of SP-C on chain order and bilayer phase behaviour is very similar to that of a synthetic transbilayer polypeptide [31] . At a concentration of 8% (w/w), SP-C had no noticeable effect on acyl chain orientational order in the liquid-crystalline phase. T h e phase change from liquid crystal to gel was continuous at this SP-C concentration. T h e gel-phase order, as indicated by first spectral moments, was lower in the presence of SP-C. T h e protein had no significant effect on spin-lattice relaxation of the chain deuterons, indicating that it did not perturb the conformational changes on the time scale of the inverse Larmor frequency ( 10-x-10-7 s). Like other membrane-spanning polypeptides though, SP-C did lower the transverse relaxation time in the liquid-crystalline phase and it flattened the temperature-dependence of the transverse relaxation time in the gel phase.
Another study focused on the perturbation of phospholipid head-group conformation by SP-C. Seelig and co-workers [32, 33] have shown that a counterdirectional change in the quadrupole splittings of the cz and fl deuterons of the head-group choline can indicate tilting of the head group toward or away from the bilayer surface in response to changes in membrane surface Volume 25 charge density. The N-terminus of the transbilayer portion of the porcine SP-C carries four positive charges at neurtral pH. Assuming random orientation of the protein across the bilayer, the effect of these charges and the negative charge at the C-terminus is a net contribution to the bilayer surface of three positive charges per protein. We found that addition of SP-C to the bilayer decreases the a deuteron quadrupole splitting and, to a much lesser extent, increases the /3 splitting [34] . This is consistent with a tilting of the head-group dipole away from the bilayer surface as would be expected for a net positive contribution to surface charge. The observation that the LX splitting was significantly more sensitive to SP-C concentration than the [ j splitting may reflect a competition between charge-induced head-group tilt and a change in the a-p torsional angle in response to a change in steric constraints in the headgroup region of the bilayer. It would thus appear that the interaction of SP-C with the phospholipid head groups may be both electrostatic and steric.
A recent series of experiments has focused on how the presence of a charged lipid modifies the effect of SP-C on bilayer properties. CaZ+ is present in the aqueous subphase in the lung. It is reported to affect the ability of surfactant proteins to enhance adsorption of phospholipids into the surfactant monolayer [S] . In order to examine how Ca2+ might affect the interaction of SP-C with a mixture of charged and neutral lipids, we have also carried out H-NMR comparisons of DPPC/DPPG-d62 (70:30) in the presence and absence of 5 mM Caz+, 10% (w/w) SP-C, or both. Samples were DPPC-dOZ, DPPG-dbz, DPPC-d(JDPPG (70~30) 2 prepared in a large excess of Ca*+-containing buffer and pelleted by centrifugation in order to maintain a known Ca2+ concentration in the aqueous medium. Preliminary results indicate that, in the presence of Ca2+, the addition of SP-C has only a weak effect on the temperaturedependence of the mean orientational order of labelled chains in DPPC/DPPG-dhZ (70:30). Transverse relaxation measurements suggest that the presence of SP-C alone has a much stronger effect on bilayer slow motions in both the gel and liquid-crystalline phases than does SP-C in the presence of Ca". This is particularly interesting in light of recent results suggesting that Ca2+ modifies the interaction between SP-C and DPPG [ 141. 
SP-B in phospholipid bilayers
'H-NMR studies of the effect of SP-B on bilayer phospholipids are less advanced. The effect of synthetic SP-B on mean acyl chain orientational order of DPPC-dh2 has been examined [35] . In differential scanning calorimetry measurements, 11% (wlw) SP-B was observed to broaden the DPPC-d62 transition. It did not, however, substantially reduce the observed transition enthalpy. 'H-NMR measurements indicated that SP-B slightly increases acyl chain orientational order in the liquid-crystalline phase. The effect of SP-B on gel-phase chain order was negligible. This result provides an interesting contrast to the case observed in the presence of membranespanning proteins and polypeptides including SP-C. In particular, the observation of a slight acyl chain ordering in the liquid-crystalline phase suggests that SP-B reduces area per lipid. The small effect of SP-B on chain order would be consistent with a picture in which there was some self-association of the SP-B. The observation of slight chain ordering in the liquid-crystalline phase would seem to favour models in which the interaction of SP-B with the bilayer can be accommodated without a significant increase in phospholipid head-group separation.
Recent experiments have examined the effect of natural SP-B from porcine lung lavage on acyl chain orientational order and transverse relaxation in bilayers of DPPG-doZ or DPPC/ DPPG-d62 (70:30). As in the case of synthetic SP-B in DPPC-do2, little perturbation of acyl chain orientational order is observed for 10% SP-B (w/w). Preliminary results indicate that SP-B lowers the transverse relaxation time in both the liquid-crystal and gel phases for DPPGd 6 2 and for DPPC/DPPG-d62 (70:30). This indicates that the protein enhances the effect of slow motions in the liquid-crystalline bilayer and reduces the sensitivity of the slow motions to temperature in the gel phase. This result is particularly interesting given that SP-B is not expected to orient in the bilayer like a transmembrane polypeptide [2, 3] . Another interesting result is the observation that the gel-phase transverse relaxation times in the presence of SP-B are the same for DPPG-doZ and DPPCIDPPG-dO2 (70:30).
In the course of these experiments, a small isotropic component was observed in the 'H-NMR spectra of DPPC/DPPC-d62 in the presence of SP-B. If this feature is found to be reproducible, it may be evidence of large-amplitude bilayer motions, which might be expected to accompany destabilization or reorganization of the multilamellar structure in the precursor stages of surfactant monolayer spreading [36] .
Summary
2H-NMR is beginning to provide some insights into the way in which the hydrophobic surfactant proteins SP-B and SP-C interact with phospholipid bilayers in multilamellar structures. Both proteins have a significant effect on slow bilayer motions. In many ways, the effect of SP-C on the surrounding bilayer is similar to that of other transmembrane proteins. Ca2+ appears to modify the way in which SP-C perturbs the bilayers containing DPPG. T h e effect of SP-B on bilayers differs, in subtle ways, from that expected for a transmembrane protein. 
Introduction
The regulated transport of ions and nutrients across biological membranes is of fundamental importance to the living cell. Unfortunately, the membrane-bound proteins performing such functions are often very difficult to study structurally because of their very hydrophobic nature and relatively low abundance in their native cell. The generation of structural models for membrane proteins using a variety of structureprediction approaches can provide some crude appreciation of structure, but such models Advances in molecular-biology techniques in recent years have made it possible for relatively scarce membrane proteins to be cloned and expressed in heterologous systems. Taken together with techniques of site-directed mutagenesis and protein chemistry, it becomes possible to develop and test structural models.
A molecular model for the I 6 kDa proteolipid
Such an approach has been used in a 16 kDa integral membrane protein, a component of the vacuolar H+-translocating ATPase, in which it 
